Perennial grasses are promising feedstocks for biofuel production, and there is potential to 27 leverage their native microbiomes to increase their productivity and resilience to 28 environmental stress. Here, we characterize the 16S rRNA gene diversity and seasonal 29 assembly of bacterial and archaeal microbiomes of two perennial cellulosic feedstocks, 30 switchgrass (Panicum virgatum L.) and miscanthus (Miscanthus x giganteus). We sampled 31 leaves and soil every three weeks from pre-emergence through senescence for two 32 consecutive switchgrass growing seasons and one miscanthus season, and identified core leaf 33 taxa based on abundance and occupancy. Virtually all leaf taxa are also detected in soil; 34 source-sink modeling shows non-random, ecological filtering by the leaf, suggesting that soil 35 is important reservoir of phyllosphere diversity. Core leaf taxa include early, mid, and late 36 season groups that were consistent across years and crops. This consistency in leaf 37 microbiome dynamics and core members is promising for microbiome manipulation or 38 management to support biofuel crop production. 39
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of phyllosphere microbiomes remains relatively modest, especially for agricultural crops 3, [16] [17] [18] . 48
To leverage plant microbiomes to support productivity and resilience both above and below 49 ground 19-21 , there is a need to advance foundational knowledge of phyllosphere microbiome 50 diversity and dynamics. 51
Biofuel crops like miscanthus and switchgrass are selected to have extended growing 52 seasons, to produce ample phyllosphere biomass, and to maintain high productivity when 53 grown on marginal lands that are not optimal for food agriculture [22] [23] [24] [25] . In the field, these 54 grasses provide extensive leaf habitat, with a seasonal maximum leaf area index (LAI) of 6.2 for 55 switchgrass, and 10 m 2 leaf surface per m 2 land for miscanthus 22 , as compared to a maximum 56 LAI of 3.2 for corn 26 . Upon senescence, the aboveground biomass is harvested for conversion 57 to biofuels and related bioproducts. Improved understanding of the phyllosphere microbiome is 58 expected to advance goals to predict or manage changes in biomass quality in response to 59 abiotic stress like drought [27] [28] [29] [30] [31] or biotic stress like foliar pathogens [32] [33] [34] . 60 6 To perform the most complete temporal analyses of phyllosphere microbiome 91 seasonality, we also subsampled the amplicon sequencing dataset to include the maximum 92 number of time points, resulting in inclusion of 51 discrete leaf and soil samples collected over 93
18 total time points. The overarching patterns in beta diversity were consistent and statistically 94 indistinguishable from those derived from the same dataset to include more reads per sample 95 but fewer time points (Mantel tests all p < 0.001; Table S1, Table S2, Figure S2 ). For 96 consistency, we report the patterns from 1000 reads per sample in the main text, but for 97 transparency and comparison, we report results from the minimum reads per sample, inclusive 98 of the complete time series, in supporting materials. 99
There were directional seasonal changes in the structures of switchgrass and 100 miscanthus phyllosphere bacterial and archaeal communities (Figure 2A, Table 1 ), and these 101 could be attributed to changes in both soil and leaf properties, as well as to weather (Table S3) . 102
Over the 2016 season, miscanthus and switchgrass phyllosphere communities were 103 synchronous (changed at the same pace and to the same extent, Procrustes m12= 0.349, R = 104 0.807, p = 0.021), and community structure became less variable as the growing season 105 progressed ( Figure S3) . Switchgrass 2016 and 2017 leaf communities were highly synchronous, 106 suggesting a predictable, interannual assembly (Procrustes m12= 0.011, R= 0.994, p = 0.008). 107
The switchgrass community structures were overall equivalent between 2016 and 2017, with 108 the exception of the final time points that were collected post-senescence. Together with the 109 species accumulation analysis (Figure 1B) , these data suggest that these phyllosphere 110 communities are not stochastically assembled, nor are they a linear accumulation over seasonal 111 leaf exposure to whatever taxa are dispersed. The communities follow a directional assembly 112 7 over the growing season, and the assembly was highly consistent over two years in the 113 switchgrass. 114 115 Contribution of soil microorganisms to phyllosphere assembly 116
The major sources of microorganisms to the phyllosphere are soils 2 , the vascular tissue 117 of the plant or its seed 36 , and the atmosphere or arthropod vectors 3 . As several studies have 118
shown that soil microbes contribute to the phyllosphere microbiome 35, 37 , we wanted to 119 understand the potential for soil as a reservoir of microorganisms inhabiting switchgrass and 120 miscanthus phyllospheres. We hypothesized that the intersect of shared soil and phyllosphere 121 taxa would be highest early in the season, after the young grasses emerged through the soil. 122
Our deep sequencing effort also provided the opportunity to investigate differences in taxon 123 relative abundances between soil and leaf communities, and to understand what contributions, 124 if any, the soil rare biosphere has for leaf assembly. 125
First, we interrogated the 2016 time series to determine the influence of soil-detected 126 taxa on leaf microbial communities for both crops. As expected, the structures of leaf 127 8 To better understand the relationship between soil and phyllosphere communities, 134
including the influence of rare members of the soil, we searched for phyllosphere taxa within 135 the full soil dataset (not subsampled). Approximately 90% of phyllosphere OTUs were present 136 in soil samples, with negligible differences between the two crops and modest variability over 137 time ( Figure 3A) . When considering the relative abundances of taxa, the mean fraction of 138 phyllosphere communities found in soil samples was even higher at 98% and exhibited no clear 139 trend over time ( Figure 3B) . Our results show that the majority of abundant, commonly 140 detected taxa in the phyllosphere are also present in the soil -albeit often at very low 141 abundances (see below) -highlighting a potentially important role of the soil in harboring 142 phyllosphere taxa between plant colonization events. 143
Given the large proportion of phyllosphere taxa present in the soil, we explored the 144 potential role that immigration from the soil may have in shaping phyllosphere community 145 composition and seasonal patterns. On balance, many abundant and persistent phyllosphere 146 taxa were in low abundances in the soil, though there was a positive association between soil 147 and leaf abundances for soil taxa > 1 e04 relative abundance ( Figure 3C ). This result indirectly 148 supports the presence of an ecological filter operating on the phyllosphere that favors some 149 taxa while disfavoring others. To further investigate how ecological filtering may vary over the 150 growing season, we compared observed trends in OTU richness with those predicted by a 151 source-sink null model which simulated demographic stochasticity and random immigration 152 from the soil between subsequent sampling points (see Methods, Figure 3D-F). Observed 153 phyllosphere communities were dramatically less rich than null model predictions, again 154 supporting the presence of a strong ecological filter. Such a filter could be due to host plant 155 9 selection, environmental filtering, competition exclusion among microbial taxa, or a 156 combination of all three. According to this model, the strength of filtering did not trend 157 consistently over the growing season. 158
Finally, other studies have found that soil microbes contribute more to early-season 159 phyllosphere communities 38 , and we observed similar patterns: the most abundant soil taxa 160 that were also detected on leaves were more prominent in the early season and then became 161 rare and transient on leaves in the late season ( Figure S4) . 162
We conclude from these results that soil is a major reservoir of leaf microorganisms for 163 these perennial crops and note that deep sequencing was required of the soils to observe many 164 of the prominent leaf taxa. This is in contrast to the studies of other plants that have suggested 165 that the phyllosphere is comprised largely of passively dispersed and stochastically assembled 166 microbes from the atmosphere 39-41 . Notably, our analysis cannot inform directionality or 167 mechanism of dispersal, which could have occurred between soil and leaf via wind, insects, or 168 through grass emergence, etc. While 133 leaf OTUs (9%) observed in the phyllosphere could 169 not be detected in the soil (using the unrarified soil dataset) and may be attributable to non-soil 170 reservoirs, the vast majority of leaf microbes were detectable in local soils and non-neutral 171 assembly patterns suggest both determinism and habitat filtering. 172 173
Core members of the switchgrass and miscanthus phyllosphere 174
There was high overlap between switchgrass and miscanthus phyllosphere communities 175 and a trend towards increased intra-crop similarity during senescence ( Figure S5 ). There was 176 also a modest influence of host crop in 2016 (Table 1) . Therefore, we defined a core 10 microbiome for each crop and season (Dataset 1). We applied an established macroecological 178 approach 42 to consider both the occupancy and abundance patterns of these taxa (Figure 4A -179 C); abundance-occupancy relationships have been previously explored for microbial 180 communities 43,44 and we utilize it here for ecologically informing a core microbiome. 181
Occupancy is an ecological term that considers how consistently a taxon is detected across 182 samples in the dataset, expressed as a proportion of occurrences given the total samples 183 collected (e.g., 1.0 or 100%). Occupancy provides a dataset-aggregated term describing taxon 184 persistence, which can be informative for defining core taxa when datasets include a time 185 series 45 . 186
In contrast to the taxa unique to crops and years, which were rare and not persistent, 187 most of the highly abundant and prevalent taxa were shared (Figure 4A-C) . We first quantified 188 the abundance and occupancy distributions of OTUs, and then identified OTUs that were 189 consistently detected across replicate plots at one sampling time (occupancy of 1) to include in 190 the core. We found that these 44, 51 and 42 core taxa (as highlighted in Figure 4A providing new support for their seasonal importance in the phyllosphere. 207
We then performed a hierarchical clustering analysis of standardized (e.g., z-score) 208 dynamics to explore seasonal trends of core taxa ( Despite similarity in the membership and dynamics of the core microbiota on both crop 235 plants, there were differences in the relative abundances of the same taxa across crops, 236 suggesting some microbiome adaptation to or selectivity by the host plant ( Figure 5B ). There 237 were other core OTUs that had consistent dynamics across both crops, but these examples 238 demonstrate, first, that dynamics can be crop specific, and second, that abiotic filtering of an 239 OTU to a particular crop could be manifested as differences in dynamics in addition to the more 240 extreme scenarios of taxon exclusion or crop specificity that are the hypotheses posed given We summarize our analyses of the contributions of crop (host plant), space, time, and 248 abiotic variables to the assembly of the core phyllosphere community in order of least to most 249 important. Spatial distance between the plots had no explanatory value (assessed by distance-250 decay of beta diversity using a Mantel test with a spatial distance, r: 0.013, p = 0.256). This 251 finding is different from a recent study of annual crops (common beans, canola and soybean) 252 that showed an influenced of sampling location on leaf microbiome structure 38 . Here, among 253 those that variables were significant, crop (switchgrass or miscanthus) had the lowest 254 explanatory value (Table 1) . However, our work agrees with previous research that has shown a 255 relationship between plant species/genotype and the leaf microbiota of perennial plants such 256 as wild mustard 55 , sugar cane 37 , and tree species like birch, maple, and pine 56 . Time and 257 measured abiotic factors had highest explanatory value ( Table 1, Table S3 ). Relatedly, Copeland 258 et al. 2015 showed that stage in plant development can influence leaf microbiome structure in 259 annual crops. 260
To conclude, we investigated the assembly and seasonal dynamics of the phyllosphere 261 and soil microbes of two perennial grasses, switchgrass and miscanthus, and found consistent 262 community trajectories and memberships across growing seasons, suggesting that their key 263 players are predictable and that most of them can be detected in associated soils. 264
Understanding the seasonal patterns of these key taxa could be used to improve biomass 265 14 production, plant health, or facilitate conversion. As seen in 57 , the introduction or control of a 266 few key microbial species can have significant impact on the host plant phenotype. Next steps 267 should be to interrogate core members for functionality and direct interactions with the plant, 268
including investigations of the interactions among core members and with the host crop. This 269 exploration lays the foundation for an approach to biofuel grass production that incorporates 270 an understanding of host-microbe and microbe-microbe interactions. randomized complete block design. Within each plot, nitrogen-free (no fertilizer) subplots were 280 maintained in the western-most 3 m of each plot. We sampled replicate plots 1-4 in both the 281 main and the nitrogen free subplots. We collected leaf and bulk soil samples every three weeks 282 across the 2016 growing season, including bare soil in April through senescence in October and 283
November. In total, we collected 152 soil samples (72 switchgrass and 80 miscanthus) and 136 284 leaf samples (64 switchgrass and 72 miscanthus). At each sampling time, leaves were collected 285 and pooled at three flags along a standardized path within each plot. Leaves were removed 286 from the plant stem using ethanol sterilized gloves, then stored in sterile whirl-pak bags until 287 15 processing. Bulk soil cores (2 x 10 cm) were collected at the same three locations within a plot, 288 sieved through 4 mm mesh, then pooled and stored in whirl-pak bags. All samples were kept 289 on wet ice for transport, then stored at -80 °C. Throughout, we use "microbiome" to refer to the bacterial and archaeal members as 303 able to be assessed with 16S rRNA gene sequence analysis. Soil microbial DNA was extracted 304 using a Powersoil microbial DNA kit (MOBio Inc. Carlsbad, California, USA) according to 305 manufacturer's instructions. Phyllosphere epiphytic DNA was extracted from intact leaves using 306 a benzyl chloride liquid:liquid extraction, followed by an isopropanol precipitation 59 , using 307 approximately 5 g of leaves (5-10 switchgrass leaves, or a minimum of 2 miscanthus leaves). BBDuk (v 37.96) was used to remove contaminants and trim adaptor sequences from 319 reads. Reads containing 1 or more 'N' bases, having an average quality score of less than ten or 320 less than 51 bases were removed. Common contaminants were removed with BBMap (v 37.96). 321
Primers were trimmed using cutadapt (v1.17). Reads were merged, dereplicated, clustered into 322 97% identity with usearch (v10.0.240), and classified against version 123 of the Silva Database 323 62 using sintax 63 . All reads classified as mitochondria, chloroplast or unclassified were removed 324 before the analysis. Additionally, reads from 4371 OTUs assigned only to the domain level were 325 extracted and reclassified using SINA online aligner (https://www.arb-silva.de/aligner/) 62 . 696 326 unclassified reads subsequently were confirmed to be Bacteria could then be classified to more 327 resolved taxonomic levels. Remaining reads were BLASTed against the entire NCBI nucleotide 328 database and specifically against the switchgrass genome to check for non-specific binding, but 329 no hits could be found. 330
331

Alpha and beta diversity 332
For alpha and beta diversity analyses, we performed analyses to datasets subsampled to 333 the minimum observed quality-filtered reads per sample (141), as well as to 1000 reads per 334 sample. We did this to enable comparison of the most complete time series to the most 335 complete comparative view of diversity. We report richness as total number of OTUs clustered 336 at 97% sequence identity. We used the protest function in the vegan package in R 64 to test for 337 synchrony in patterns across crops and years. To calculate beta dispersion, we used the 338 betadisper function in the vegan package in R 64 , which is a multivariate analogue of Levene's 339 test for homogeneity of variances. PERMANOVA was used to test hypothesis of beta diversity 340 using adonis function in the vegan package in R 64 . 341 342
Source-sink models and contributions of soil taxa to leaf communities 343
Given that virtually all phyllosphere taxa were present in the soil, we evaluated the degree to OTUs from the soil community, such that the final simulated community abundance was equal 358 to 1000 sequences. The source soil community was generated by pooling all soil samples from 359 both years. We used this process to simulate demographic stochasticity. In the model, it was 360 assumed that 0.1 % incremental changes in relative abundance realistically reflects 361 phyllosphere population dynamics, and that an immigration event results in the initial relative 362 abundance of an OTU at 0.1%. Importantly, even if these assumptions are imprecise, the 363 simulation provides a consistent baseline of community composition against which to compare 364 observations over the growing season. 365
366
Core taxa selection 367
To infer the core phyllosphere taxa and prioritize them for further inquiry, we calculated the 368 abundance-occupancy distributions of taxa, as established in macroecology (e.g. Shade et al. 369 2018). For each OTU, we calculated occupancy and mean relative abundance at each time point 370 by crop and year. Only OTUs with occupancy of 100% (found in all samples at a particular time 371 point) were prioritized as core members. Using this conservative threshold for occupancy, we 372 included all OTUs that had strong temporal signatures; these taxa also were in high abundance 373
and were persistent as indicated by their abundance-occupancy distributions. These core taxa 374 also represent potentially important players in plant development, as they were detected at 375 least at one time point in all sampled fields. 376
We quantified the explanatory value of the core members to community temporal 377 dynamics using a previously published method of partitioning community dissimilarity 65 : 
Hierarchical clustering 383
To understand the seasonal abundance patterns of the core taxa we performed 384 hierarchical clustering. We used a z-scored relative abundance matrix subset to contain only 385 core taxa to generate a w complete linkage distance matrix using the R function hclust() 50 . 386
Groups of core taxa with similar dynamics were defined from the dendrogram using the 387 function cutree() in R with number of desired groups (k=) to be close to the number of sampling 388 time points; 8 for miscanthus 2016, 5 for switchgrass 2016 and 7 for switchgrass 2017. 389 390
Availability of data, workflows, and material 391
The datasets generated and/or analyzed during the current study are available in the 392 were calculated at each time point, and taxa that had 100% occupancy at any time point (e.g., 454
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